The structural thermal behaviour of three W-O-N sputtered coatings with similar metalloid to metal ratio (w2.1) was investigated up to 900 C after annealing in a vacuum tube furnace as well as in-situ HT-XRD under a controlled atmosphere of Ar-5%H 2 . The as-deposited microstructure of the coatings consisting in a nanocomposite of low-order W-O and W-N phases evaluated differently as a function of the oxygen content. The W-O-N film containing more than 27 at.% O delaminated severely from the steel substrates for temperatures as low as 500 C. In opposite, for the coatings with less O content, the low range order of the as-deposited structure was maintained up to 800 C and with further annealing crystallized into a mixture of WO 2 and W 2 N. The thermal behaviour of the oxynitride films overcame that observed for oxygen-free nitride ones. This is due to the greater N content retaining during annealing treatment, in opposite to the W-N films which give rise to the single metallic a-W phase. The structural and compositional evolution supported the hardness behaviour obtained by the thermal treatment in protective ambiance.
Introduction
Important research work has been conducted on transition metal nitrides (TM-N), owing to their excellent mechanical properties, in order to develop these materials as hard and wear-resistant coatings, to be applied, e.g., for increasing the performance of cutting tools based on cemented carbides and high speed steel materials. Nevertheless, some of them, due to their low oxidation threshold temperature as well as their structural instability originated by N 2 liberation, may have limited applications for wear resistance at elevated temperatures. Such is the case of the W-N sputtered system. Previous studies revealed that tungsten nitride could reach outstanding mechanical (hardness w40 GPa) and tribological properties (wear rates < 0.5 Â 10 À6 mm 3 /Nm) [1] .
However, the study of its tribological behaviour at high temperatures [2] showed a considerable performance decrease due to their low oxidation resistance, which set-point temperature was fixed only at w600 C [3, 4] . One of the possibilities to overcome this drawback would be the addition of oxygen to the W-N coatings. The final scope would be favouring the formation of a thin top protector W-O layer and, thus, the delaying of the oxidation process. However, the O contents have to be optimized in order not to degrade the intrinsic mechanical and tribological properties of the tungsten nitride phases, as was demonstrated previously [5] . In this study, therefore, three tungsten oxynitride coatings with similar metalloid-metal ratio ((O þ N)/W w 2.1) were deposited by reactive magnetron sputtering. Thermal treatments up to 900 C were conducted in protective environment to investigate the O effect on the compositional, structural and mechanical behaviour of the W-O-N films. The idea is to contribute for the understanding of the thermal behaviour of sputtered W-based coatings in order to interpret future research results on oxidation resistance, where complex interactions of temperature changes and oxygen-rich ambiance attack are simultaneously present.
Experimental details
W-O-N films were produced by d.c. reactive magnetron sputtering, using the aforementioned procedure [5] . The coatings, with thickness in the range 2.5-3.5 mm, were deposited onto Fecralloy substrates (Goodfellow). An oxygen-free nitride film was also deposited to be used as a reference sample having an impurity content level less than 2 at.% O.
The annealing studies were carried out under protective Ar-5%H 2 atmosphere in a vacuum tube furnace (after evacuation less than 10 À3 Pa) between 400 and 800 C during 30 min as well as in a High Temperature X-ray Diffractometer (HT-XRD). The in-situ XRD analysis were performed in a vacuum chamber HT16 under continuous Ar-5%H 2 flux at low pressure (1 À10 Pa) after evacuating the chamber down to a value lower than 10 À3 Pa. The chamber is couple to a Philips X'Pert diffractometer. All the analysis were done with Co radiation (K a ¼ 0.178897 nm) in Bragg-Brentano geometry. The samples (12 Â 10 mm) were fixed on a Pt plate and heated from RT up to 900 C in steps of 100 C. The heating rate was 40 C/min between each temperature step followed by maintenance of w20 min for XRD acquisition in 25-65 range. The samples were cooled down to RT and new XRD patterns were acquired. The elemental composition of the films was analysed by Electron Probe Microanalysis (Cameca SX-50), whereas the mechanical properties (hardness) were evaluated by ultramicroindentation (Ficherscope H100) with a Vickers indenter by applying a nominal load of 20 mN in both as-deposited and post-annealing state. Each hardness value is a result of at least ten indentation tests. The hardness results were corrected in relation to the geometrical defects of the indenter, the thermal drift and the uncertainty in zero position [6] .
3. Results and discussion a) As-deposited coatings Table 1 summarises the main characteristics of the as-deposited sputtered coatings as well as those related to the W-N reference sample. During this work the coatings will be denoted as is ascribed in Table 1 .
In respect to the as-deposited structure, Fig. 1 shows the X-ray diffraction patterns obtained for the films under study. All the W-O-N films exhibit broad and low intensity X-ray diffraction peaks in comparison to W 42 N 58 coating, this effect being more pronounced as higher as the O content is. The formation of low--order arrangement structures could be attributed on the one hand to the very small crystallite size of the films. Due to the too low substrate temperature (w350 C) not sufficient to allow the crystallisation process, and, on the other hand, to the competitive growth of different structures that can coexist in the W-O-N system: binary oxides (WO x ) and nitrides (WN, W 2 N) as well as oxynitrides (W x (O,N) 1Àx ) phases. In fact, the constant presence of two different broad peaks in the region of 2q˛ suggests that the coatings have a nanocomposite structure containing simultaneously tungsten nitride and oxide phases (two zones marked in Fig. 1 ). For example, for the W 32 O 24 N 44 film, the three broad peaks centred at 2q of 40.9, 49.5 and 73.5 fit quite well to the The structure of the reference W 42 N 58 sample is in agreement with that obtained previously [4, 7] ; for N contents higher than 55 at.%, the W-N films crystallise into the hexagonal d-WN phase [ICDD 25-1256] with a (100) preferential orientation.
Tungsten nitride is known as a hard coating presenting hardness values in the range of 30-41 GPa [5, 7] . However, when oxygen is sputter added to W-N system the hardness significantly drops down to values in the range of 15-30 GPa. This hardness decline is much more evident as the amount of the W-O phase increases in relation to W-N phase [5] . Similar hardness values as those presented in the Table 1 have already been observed in other transition oxynitride systems [8] [9] [10] . From the previous studies [5] on the mechanical properties of the W-O-N system it was shown that the addition of oxygen was only effective for improving the hardness values if an increase of the internal stress of the coatings occurred simultaneously. b) Thermal stability Fig. 2 presents the structural evolution with increasing annealing temperature of the coatings treated in a tube furnace. Diffraction patterns of the W-O-N films containing less than 27 at.% O reveal no significant changes in either the relative peak intensity or in the peak position up to 500 C (Fig. 2a) and b) ), suggesting that the as-deposited short-range order structures are retained after annealing. Conversely, the XRD patterns of the coatings with higher O contents show that at 400 C the metastable b-W phase starts to transform into a-W in agreement with its well-known thermal instability [11] . Furthermore, for the highest O containing film, W 31 O 30 N 39 , the thermal treatment at 500 C gives rise to a severe mechanical instability leading to the coating detachment from the steel substrate after cooling down to RT (see the insert optical micrograph in Fig. 2a) ). As can be observed in this figure besides the intense and well defined diffraction peaks of the steel substrate, the other two can be indexed as the a-W and b-W phases, related with the adhesion interlayer. For temperatures higher than 600 C, Fig. 2b) , the XRD peaks of the oxynitride coatings containing respectively 24 and 27 at.% O, become narrower, more intense and shifted to equilibrium positions, features characteristic of the structural recovery and the grain growth. Taking into account the 2q peaks position, the values of the interplanar distance obtained after peak fitting match quite well with either b-W 2 N or W x (O,N) 1Àx [ICDD 25-1254] phases. In fact, due to the similarity on the peaks position of these two phases, both from the cubic system, it is impossible to assign which one should be present, keeping the doubt about the possibility of existence of O atoms in the W 2 N lattice. Thermal treatments higher than 700 C give rise to the crystallisation of the amorphous W-O phase, as WO 2 [ICDD 86-0134], enhancing the phase separation referred to above for the nanocomposite structure (for example W 33 O 27 N 40 film in Fig. 2b) ).
In-situ XRD analysis of the 24 at.% O containing film confirms the annealing tube furnace results, although a little delayed with temperature. As can be seen in Fig. 3a) , no important structural changes in the coating are detected, the as-deposited low-order arrangement being thermally stable with increasing annealing temperature up to 800 C. At 900 C the crystallisation process of the W-O amorphous phase starts to occur. The formation of tungsten oxide phase, WO 2 , is detected with narrow XRD peaks suggesting a much higher grain size than the one characteristic of the other phases, the b-W 2 N and/or the W x (O,N) 1Àx , that continues to be indexed at the highest temperatures tested. For highest temperature, in the case of oxygen-free sample, the W-N phase starts to transform as it can be concluded by the analysis Fig. 2b) . Insitu HT-XRD of this film (Fig. 3b) ) shows that at 600 C precipitation of a-W phase starts to occur (small peak at w46.5 -it is worthy noting that this coating was deposited without adhesion interlayer) whose intensity grows with annealing temperature at the expenses of the d-WN phase. Such a trend coincides with the progressive loss of N in W-N film, which almost vanishes for temperatures higher than 800 C. This structural instability was also stated in previous research works [12, 13] and could only be avoided if a nitrogencontaining atmosphere is used during heat treatments [14] .
On the other hand, for W-O-N coatings, in spite of some N losses (Fig. 4) , the final content at 800 C are still enough to support the detection of the W 2 N phases at this temperature (e.g., the composition is W 39 O 39 N 22 for the as-deposited W 33 O 27 N 40 ). Thus, these observations reveal that the thermal stability of W-O-N films, containing O less than 27 at.%, is better compared to singlephase W-N coatings, since the nitride phase is observed at higher annealing temperature.
The higher thermal stability of the W 2 N phases in the oxynitride coatings was proposed to be associated to either the formation of an O-rich over-layer, or the enrichment of W 2 N grain boundaries by oxygen atoms, both impeding the outward N effusion during annealing [15] . In authors' opinion, the first suggestion seems to be more suitable since the narrow XRD peaks of the oxide phase indicate a grain size not compatible with the second alternative. [5] is the softest phase in the W-N sputtered system. The hardness drops observed for temperatures higher than 600 C confirm the statements above discussed, i.e., in the case of W-O-N coatings the formation of the top oxide layer and, for W-N film, the loss of the N content and the formation of the metallic a-W phase. In fact, authors previous works [5] showed that: i) oxide phases are generally softer than nitride ones which explain that during nanoindentation measurements, as the depth maintains quite small (w300 nm) the top oxide layer will contribute for a lower measured hardness; ii) a-W coatings has lower hardness than W-N coatings, particularly when deposited with low compressive stress levels.
Conclusions
This study has shown that the annealing process at temperatures up to 900 C, under protective atmosphere, can strongly influence the structure, the chemical composition and the mechanical properties of nanocomposite sputtered tungsten oxynitride coatings.
In general, the lower the O content the better the thermal behaviour of W-O-N films was. For O contents higher than 27 at.% the films spall off severely for temperatures as low as 500 C. The films with lower O content were more thermally stable than the oxygen-free nitride one used as reference. At 800 C, after crystallisation as WO 2 þ W 2 N mixture, the nitride phase remained stable whereas it almost vanished in W-N film due to N outwards effusion. It was proposed that such behaviour could be associated to the formation of an O-rich over-layer, impeding the N loss.
As a consequence of the annealing process, a progressive improvement in the hardness behaviour is reached up to 600 C followed by a decrease for higher temperatures. This behaviour was explained in the light of the crystallisation process. 
